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CROSS-REFERENCE TO RELATED APPLICATIONS 

[1001] This application is a divisional of Prior Application No. 10/253,074 filed 
September 24, 2002, which is a divisional of Application No. 09/897,705 filed June 
29, 2001, which is a continuation-in-part of U.S. Application No. 09/814,727 filed 
March 21, 2001, which is a continuation-in-part of U.S. Application No. 09/560,626 
filed April 28, 2000; each of which applications is hereby incorporated by reference; 
and which Application No. 09/897,705 also claims the benefit of the following U.S. 
provisional applications: U.S. Provisional Application No. 60/277,794 filed on March 
21, 2001; U.S. Provisional Application No. 60/277,815 filed-on March 21, 2001; and 
U.S. Provisional Application No. 60/277,738 filed on March 21, 2001; each of which 
provisional applications is also hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[1002] The present invention relates to low cost, high-density semiconductor 
memories and, in particular, to one-time-programmable semiconductor memories. 
More particularly, the invention relates to the field of vertically stacked field 
programmable non-volatile memory, support circuits useful therewith, and methods of 
fabrication thereof. 
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[1003] Recently there has been an interest in fabricating memories having 
memory cells disposed at numerous levels above a substrate. Each level includes a 
plurality of spaced-apart first lines extending in one direction which are vertically 
separated from a plurality of parallel spaced-apart second lines in a second direction, 
for example, extending perpendicular to the first lines. Cells are disposed between the 
first lines and second lines at the intersections of these lines. These memories are 
described, for example, in United States Patent Nos. 5,835,396 and 6,034,882. 

[1004] Another way of fabricating three-dimensional memory arrays departs from 
the structures shown in these patents and uses "rail-stacks" as described in United 
States Patent Application Serial No. 09/560,626 by N. Johan Knall, filed April 28, 
2000, which application describes a memory employing antifuses where a diode is 
formed upon programming a particular bit. In this connection see, "A Novel High- 
Density Low-Cost Diode Programmable Read Only Memory, " by de Graaf, Woerlee, 
Hart, Lifka, de Vreede, Janssen, Sluijs and Paulzen, IEDM-96, beginning at page 189 
and United States Patent Nos. 4,876,220; 4,881,1 14 and 4,543,594. 

SUMMARY OF THE INVENTION 

[1005] A three-dimensional memory array includes a plurality of rail-stacks on 
each of several levels forming alternating levels of X-lines and Y-lines for the array. 
Memory cells are formed at the intersection of each X-line and Y-line. The plurality 
of X-lines on a given layer is associated with both a memory plane above the layer 
and another memory plane below the layer. Likewise, the plurality of Y-lines on a 
given layer is associated with both a memory plane above the layer and another 
memory plane below the layer. The memory cells of each memory plane are all 
oriented in the same direction relative to the substrate, forming a serial chain diode 
stack. 

[1006] In certain embodiments, row and column circuits for the array are arranged 
to interchange function depending upon the directionality of memory cells in the 
selected memory plane. In particular, in a write mode high- voltage drivers for the 
row lines and column lines are each capable of passing a write current in either 
direction depending on the direction of the selected memory cell. 
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[1007] By arranging the memory array with memory cells in all memory planes 
oriented in the same direction, a preferred bias arrangement reverse biases only 
unselected memory cells within the selected memory plane, totaling approximately N 2 
memory cells, rather than 3N 2 memory cells as with back-to-back diode stack 
memory arrays. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[1008] The accompanying drawings, which are incorporated into and constitute a 
part of this specification, illustrate one or more embodiments of the present invention 
and, together with the detailed description, serve to explain the principles and 
implementations of the invention. 

[1009] Figure 1 is an electrical schematic diagram of a back-to-back diode stack- 
type memory array. 

[1010] Figure 2 is a three-dimensional electrical schematic diagram illustrating 
reversed bias diode leakage in a back-to-back diode stack-type memory array. 

[1011] Figure 3 is an electrical schematic diagram of a serial chain diode stack- 
type memory array in accordance with one specific embodiment of the present 
invention. 

[1012] Figure 4 is a three-dimensional electrical schematic diagram illustrating 
reversed bias diode leakage in a serial chain diode stack-type memory array in 
accordance with one specific embodiment of the present invention. 

[1013] Figure 5 is an electrical schematic diagram illustrating the programming of 
diode E in a serial chain diode stack-type memory array in accordance with a specific 
embodiment of the present invention. 

[1014] Figure 6 is an electrical schematic diagram illustrating the programming of 
diode D in a serial chain diode stack-type memory array in accordance with a specific 
embodiment of the present invention. 

[1015] Figure 7A is an electrical schematic diagram of a row address circuit in 
accordance with a specific embodiment of the present invention. 
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[1016] Figure 7B is an electrical schematic diagram of a row address circuit in 
accordance with a specific embodiment of the present invention. 

[1017] Figure 7C is an electrical schematic diagram of a row address circuit in 
accordance with a specific embodiment of the present invention. 

[1018] Figure 8 is an electrical schematic diagram of a control circuit for a serial 
chain diode stack-type memory array in accordance with one specific embodiment of 
the present invention. 

[1019] Figure 9 is an electrical schematic diagram illustrating reverse bias diode 
leakage during read in a back-to-back diode stack-type memory array. 

[1020] Figure 10 is an electrical schematic diagram illustrating reverse-bias diode 
leakage during read in a serial chain diode stack-type memory array in accordance 
with one specific embodiment of the present invention. 

[1021] Figure 1 1 is an electrical schematic diagram of a sensing circuit for 
reading a serial chain diode stack-type memory array in accordance with a specific 
embodiment of the present invention. 

[1022] Figure 12 is a front elevational cross-sectional diagram of a serial chain 
diode stack-type memory array in accordance with one embodiment of the present 
invention. 

[1023] Figure 13 is a front elevational cross-sectional diagram of a serial chain 
diode stack-type memory array in accordance with another embodiment of the present 
invention. 

[1024] Figure 14 is a front elevational cross-sectional diagram of a serial chain 
diode stack-type memory array in accordance with another embodiment of the present 
invention. 

[1025] Figure 15 is a front elevational cross-sectional diagram of a serial chain 
diode stack-type memory array in accordance with another embodiment of the present 
invention. 
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[1026] Figure 16 is a front elevational cross-sectional diagram of a serial chain 
diode stack-type memory array in accordance with another embodiment of the present 
invention. 

[1027] Figure 17 is a schematic diagram representing a serial chain diode stack- 
type memory array and indicating a write bias arrangement of array lines on various 
layers, in accordance with an embodiment of the present invention. 

[1028] Figure 18 is a schematic diagram representing a serial chain diode stack- 
type memory array and indicating a read bias arrangement of array lines on various 
layers, in accordance with an embodiment of the present invention. 

[1029] Figure 19 is a block diagram of a row decoder/word line driver circuit in 
accordance with the present invention. 

[1030] Figure 20 is a schematic diagram of a word line driver circuit useful for the 
present invention. 

[1031] Figure 21 is a schematic diagram of a word line driver circuit useful for the 
present invention. 

[1032] Figure 22 is a chart of preferred bias voltages for several modes in 
accordance with the present invention. 

[1033] Figure 23 A is a block diagram of an array organization incorporating a bi- 
mode driver circuit and a sense circuit block on each of two adjacent sides of the 
array. 

[1034] Figure 23B is a block diagram of an array organization incorporating a bi- 
mode driver circuit on one side of an array and a sense circuit block on an adjacent 
side of the array. 

DETAILED DESCRIPTION 

[1035] Embodiments of the present invention are described herein in the context 
of a three-dimensional memory array and methods of fabrication and use thereof. 
Those of ordinary skill in the art will realize that the following detailed description of 
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the present invention is illustrative only and is not intended to be in any way limiting. 
Other embodiments of the present invention will readily suggest themselves to such 
skilled persons having the benefit of this disclosure. Reference will now be made in 
detail to implementations of the present invention as illustrated in the accompanying 
drawings. The same reference indicators will be used throughout the drawings and 
the following detailed description to refer to the same or like parts. 

[1036] In the interest of clarity, not all of the routine features of the 
implementations described herein are shown and described. It will, of course, be 
appreciated that in the development of any such actual implementation, numerous 
implementation- specific decisions must be made in order to achieve the developer's 
specific goals, such as compliance with application- and business-related constraints, 
and that these specific goals will vary from one implementation to another and from 
one developer to another. Moreover, it will be appreciated that such a development 
effort might be complex and time-consuming, but would nevertheless be a routine 
undertaking of engineering for those of ordinary skill in the art having the benefit of 
this disclosure. 

[1037] Three-dimensional memory arrays present the issue of how to program 
selected cells without inadvertently programming unselected cells. One way this can 
be done is by reverse-biasing every unselected cell. There are drawbacks to this 
approach. Most programmable elements present some leakage current flow when 
reverse-biased. Accordingly, where that is the case, it is desirable to minimize the 
number of reverse-biased elements to avoid unnecessary power consumption. This is 
particularly important in consumer products and battery powered devices. 

[1038] Another approach is to reverse-bias only those cells that are adjacent to the 
cells being programmed. This would normally involve reverse-biasing all unselected 
cells in the plane of the selected cell(s) and all cells in the planes of cells immediately 
adjacent to the plane of the cell(s) being programmed. This again presents the 
drawback of having to reverse-bias (for an NxN array of cells in a plane) 
approximately 3N 2 cells (less, of course, those being programmed). 

[1039] In accordance with the present invention, the programmable elements are 
arranged as a serial chain diode stack such that only the unselected programmable 
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elements in the plane in which elements are being programmed need to be reverse- 
biased. Since for an NxN array, this will only be approximately N 2 elements (less, of 
course, any being programmed), this approach only reverse-biases approximately one- 
third of the programmable elements and therefore the wasted power due to leakage is 
expected to be only one-third of the earlier-described method. 

[1040] For the purposes of this discussion, programmable elements are generally 
memory elements having a current steering element directing current in a direction 
and another component which is capable of changing its state (e.g., a fuse, an antifuse, 
a capacitor, a resistive element, etc.). In a preferred embodiment of the present 
invention, the memory element used is a diode-like structure having a p+ terminal 
separated from an n- terminal by an antifuse element. When the antifuse element is 
programmed in a conventional manner, the p+ terminal is electrically connected to the 
n- terminal and forms a conventional diode. The programming state of the memory 
element can be read by sensing current flow or voltage drop when the memory 
element is selected. 

[1041] United States Patent No. 6,034,882 to Johnson, et al., referred to above, 
utilizes a back-to-back diode stack similar to that illustrated in FIG. 1 in which the 
current steering elements 10, 12 are sequentially directed in opposite directions (e.g., 
up, down, up down, etc.) and then coupled to state change elements 14, 16. Together, 
elements 10, 14 and 12, 16 form programmable cells 18, 20, respectively. The 
implication of this scheme is that approximately 3N 2 diodes are reverse-biased during 
writes, resulting in a relatively large leakage current. This large leakage current may 
set an upper limit on the array size that can practically be used, which, in turn, directly 
affects the area efficiency of the overall device. It also requires that the fabrication 
process fabricate alternate layers of np and pn diodes, thus increasing the process 
complexity. 

[1042] Turning now to FIG. 2, a diagram illustrating a section of a multi-level 
memory array 22 having bit lines B2 and B4 and word lines W3 and W5 is shown. 
Memory array 22 uses back- to-back diodes. In the diagram of FIG. 2, the designation 
"u" after a bit line or word line designation means that the corresponding bit line or 
word line is unselected. The designation "s" after a bit line or word line designation 
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means that the corresponding bit line or word line is selected. In FIG. 2 the 
highlighted word line W3s and bit line B4s are selected. Thus by driving W3s high 
relative to B4s it is possible to program cell 24 so that it conducts from W3s to B4s. 
For simplification, only a diode and not an antifuse is shown at the selected cell, as 
once programmed, the cell acts like a diode . When driving W3s high it is also 
possible to program all of the other cells coupled to W3s, eg, cells 26 and 28. Thus, 
to avoid programming these cells, the corresponding bit lines should be biased to a 
level which precludes programming the cells. For example, making the bias on bit 
line 30 comparable to the bias on word line W3s will prevent cell 26 from 
programming. Similarly, making the bias on bit line 32 comparable to that of W3s 
will prevent cell 28 from programming. On the other hand, unselected word lines, 
W3u, must be kept relatively low in order to avoid accidentally reading or writing 
other cells connected to bit line B4s. Likewise, the unselected bit lines, B4u, must be 
kept relatively high in order to avoid accidentally reading or writing other cells 
connected to word line W3s. Hence, all of the unselected cells in the plane W3-B4 
will be reverse-biased. Moreover, in order to avoid accidentally reading or writing 
cells in the plane B4-W5, all of the word lines W5u must be biased low. It is therefore 
clear that the unselected memory cells in plane W3-B4 as well as the unselected 
memory cells in the plane B2-W3 and the unselected memory cells in the plane B4- 
W5 are reverse-biased. Hence, for an array having NxN memory cells in each plane, 
approximately 3N2 memory cells are reverse-biased. Such leakage currents are 
described in greater detail and preferred bias voltages of the unselected word lines and 
bit lines are set forth in "Method and Apparatus for Biasing Selected and Unselected 
Array Lines When Writing a Memory Array" by Roy E. Scheuerlein, U.S. Patent 
Application Number 09/897,771, filed June 29, 2001, and is hereby incorporated by 
reference. 

[1043] In accordance with a specific embodiment of the present invention, the 
power consumption of the memory arrays fabricated in accordance with the principles 
of the present invention may be reduced significantly by implementing the 
programmable elements as a serial chain stack 34 as illustrated in FIG. 3 so that the 
current steering elements 36, 38 are all directed in a common direction (e.g., up or 
down relative to the substrate). 
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[1044] In accordance with this specific embodiment of the present invention, a 
serial chain diode stack 34 in accordance with the schematic illustration of FIG. 3 is 
used. Each element 36, 38 includes a steering element 40 and an antifiise element 42. 
This approach has several advantages over those discussed above. First, it only 
requires one type of pn diode, and therefore simplifies the process development and 
manufacturing, potentially improving the yield (as described below). It also reduces 
the reverse-bias leakage during a write because only approximately N 2 diodes are 
reverse-biased during the write. 

[1045] A section of a serial chain diode stack memory is illustrated in FIG. 4. As 
in FIG. 2, the same memory cell 24' at the intersection of word line W3s and bit line 
B4s is selected. This is accomplished by raising the voltage on W3s and lowering the 
voltage on B4s for both a read and a write. The unselected memory cells in the plane 
W3-B4 are reverse-biased, as in FIG. 2. However, the adjacent planes need not be 
reverse-biased. By keeping the B2u bit lines at the same potential as the W3u word 
lines (i.e., low) and keeping the W5u word lines at the same potential as the B4u bit 
lines (i.e., high), the approximately N 2 unselected memory cells in these arrays do not 
have a forward or reverse bias (although the "half-selected" memory cells connected 
to either the selected word line or bit line are biased). Hence, with this scheme, only 
approximately N 2 memory cells are reverse-biased for reads or writes. This factor of 
three reduction in leakage current can be exploited by making a larger array for a 
given leakage, which, in turn, results in an overall semiconductor die size reduction. 
Alternatively, for a given leakage specification, the write bandwidth can be increased 
since multiple arrays can be powered up at the same time with the reduced leakage. 

[1046] A drawback of this approach is that it requires high- voltage drivers on both 
the row and column sides of the array that can pass a write current in both directions 
depending on the selected diode (see FIGS. 5 and 6 where diodes E and D, 
respectively, of the same word line, are written). Similarly for reads, a column (bit) 
must be able to detect both a positive and a negative current due to a programmed 
state change element. The complexity and area increases are much smaller than the 
potential savings from a 3x to 4x increase in array size, resulting in an overall 
advantage to employing this scheme. 
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[1047] A row address circuit suitable for the back-to-back diode stack of FIG. 2 is 
illustrated schematically in FIG. 7A. A conventional row decoder (not shown) 
decodes one of N word lines. A row driver stage of this decoder with the row select 
signal on line 44 is shown in FIG. 7 A. If Row select is high, the selected word line 46 
is driven to Vhigh in order to read or write one or several cells connected to the 
selected word line 46. If Row select is low (unselected word line), the voltage on 
word line 46 is driven to a low bias voltage, Vbiaslow, in order not to interfere with 
the programming or reading along the selected bit line. (V H igh and Vbiaslow 
preferably have different values in read mode than in write mode.) Another row 
address circuit suitable for the back-to-back diode stack is shown in Fig. 7B. This 
circuit uses only NMOS transistors, so the positive bias of Row select drives the word 
line high to select the word line. A negative bias on the RowS elect drives the word 
line low when unselected. Yet another word line driver circuit is shown in Fig. 7C, 
which receives a true and complement row decode signal ROWSELECT, and is 
capable of driving a selected word line to the Vhigh voltage even for values of Vhigh 
at or near ground. Similarly, an unselected word line is driven to the Vbiaslow 
voltage, even if well above ground. This avoids the loss of an NMOS threshold 
voltage on an unselected word line for certain bias conditions, as described further 
below. Alternatively, in the Fig. 7B circuit, a bootstrapped gate voltage or a higher 
gate voltage, such as from a charge pump circuit, could be used to avoid the loss of a 
threshold voltage. The bit line selection system (not shown) works essentially the 
same with the selected bit line being driven low and the unselected bit lines being 
driven high. Other suitable row decoder/driver circuits are described in "A 1 5 ns 
1024-bit Fully Static MOS RAM," by T. Wada, et. al., IEEE Journal of Solid-State 
Circuits, Vol. SC-13, No. 5, October 1978, and in "A Fault-Tolerant 30 ns / 375 mW 
16K x 1 NMOS Static RAM," by K. C. Hardee, et. al., IEEE Journal of Solid-State 
Circuits, Vol. SC-16, No. 5, October 1981, both of which are hereby incorporated by 
reference. 

[1048] In the FIG. 2 array, a word line corresponding to a selected cell (e.g., 24 or 
28) is always driven high. In the FIG. 4 embodiment, however, because the current 
steering elements are all directed in the same direction relative to the substrate, the 
word line corresponding to a selected cell (e.g., W3s) is driven high if the cell 24' 
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below the word line W3s is to be programmed or read, however, it is driven low if the 
cell 26' above the word line (W3s) is to be programmed or read. 

[1049] In order to drive the selected word line 46 both high and low for the serial 
chain diode stack illustrated in FIG. 4, the driver circuit of FIG. 7 A can be modified 
to that shown in FIG. 8. (Either word line driver circuit shown in Fig. 7 A and Fig. 7B 
may be used, but only the circuit of Fig. 7A is shown in Fig. 8.) The FORWARD 
signal on line 48 will be set to forward bias the selected cell, whether the word line 46 
connects to the cell above or below the word line. When the selected word line is to 
be driven high, and FORWARD is high, the word line is connected to Vhigh, and the 
unselected word lines are connected to Vbiaslow, as is the case in FIG. 8. However, 
when the selected word line is to be driven low, the word line is connected to Vlow, 
and the unselected word lines are connected to Vbiashigh. The new 'high-plane 5 50 
and 'low-plane' 52 cells as well as the row select mux 54 are therefore additional 
circuits that are required by the serial chain diode stack. 

[1050] The leakage path is different for reads. The total leakage of the serial 
chain diode stack approach for reads is about 1/3 of the back-to-back diode stack 
approach due to the requirement that only one plane of diodes be reverse-biased in the 
serial chain diode stack approach. This reduces the reverse stressing during read 
disturb as well as the total power consumption. The leakage constraint is also 
different as illustrated schematically in Fig. 9 (back-to-back diode stack) and Fig. 10 
(serial chain diode stack). The back-to-back diode stack approach illustrated in FIG. 
9 raises a selected word line (W3s) to Vdd and pulls a selected bit line (B4s) low and 
subsequently releases it, allowing the selected diode to pull it up. If the antifuse is not 
programmed, the bit line will remain floating at a low voltage level, whereas if the 
antifuse is programmed, the bit line will rise. The difference in voltage can be used to 
sense if the cell is programmed or not. 

[1051] The leakage of 2N reverse-biased diodes to ground will increase as the 
voltage increases. If the reverse leakage is comparable to the selected forward cell 
current, the voltage developed at the bit line will be self limited. For the serial chain 
diode stack approach illustrated in FIG. 10, the leakage is both to ground and to a bias 
voltage supply. By biasing the adjacent diode planes as shown, the same read scheme 
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may be employed. Vtn is the diode drop of N diodes (typically about 1 volt), while 
Vtn2 is the diode drop of N 2 diodes (about 0.5 volts). Thus, for a read voltage of 2 
volts at W3s, and B4s precharged to ground, the leakage from the bit line (B4s) to the 
unselected plane biased at (Vdd-Vtn-Vtn2 = 0.5V) through N diodes is the reverse 
leakage of 0.5 volts at the beginning of the read, reducing to approximately zero at the 
end of the read. Only N diodes leak to ground at the end of the read vs. 2N diodes 
leaking to ground with the back-to-back approach. Hence, a higher voltage can be 
developed, which can enable a higher noise margin. 

[1052] This approach to reading memory elements may be used with any memory 
stack element such as multi-programmable memory elements and is not limited to 
diode-type memories. 

[1053] An additional approach is to apply the same voltage at planes 3 and 5 
(unselected word lines) as well as to the selected bit line, eliminating the selected bit 
line leakage as illustrated schematically in FIG. 11. The voltage forced is 1.5 volts 
below the selected word line. The selected word line shown in FIG. 11 is at 3 volts. 
The sensing of the diode can be done by current sensing, leaving the bit line at the 
same bias as that of planes 3 and 5, achieving a fast read. As illustrated in FIG. 1 1, 
this biasing scheme allows a simple implementation of an op-amp with a virtual 
ground at about one-half VDD. Additional current sensing embodiments are set forth 
in "Current Sensing Method and Apparatus Particularly Useful for a Memory Array 
of Cells Having Diode-Like Characteristics," by Roy E. Scheuerlein, U.S. Patent 
Application Number 09/896,468, filed June 29, 2001, and is hereby incorporated by 
reference. 

[1054] Turning now to FIG. 12, a specific embodiment of the serial chain diode 
stack approach is illustrated in accordance with the present invention. In the FIG. 12 
embodiment, the first rail stacks and the second rail stacks may be essentially 
identical and include a conductor sandwiched by semiconductor films disposed 
over/under and along the length of the conductor. The semiconductor film may 
comprise two or more layers or it may comprise a graded doped layer, illustrated in 
FIG. 12 as an N+ layer having an N- layer disposed over and along it. An antifuse 
material layer is disposed over the semiconductor film. A P+ layer is disposed above 
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the antifiise layer so that cells are formed of p+/AF/n- structures so that when the 
antifuse (AF) is programmed to conduct, a p+n- diode is formed. The rail stacks may 
be replicated in layers oriented orthogonally to vertically adjacent (above or below) 
layers. The identical rail stacks ease the fabrication process. Programming voltages 
are delivered by the conductor layers, as before. 

[1055] Turning now to FIG. 13, another specific embodiment of the serial chain 
diode stack approach is illustrated in accordance with the present invention. In the 
FIG. 13 embodiment, the first rail stacks and the second rail stacks may likewise be 
essentially identical and include a conductor and a semiconductor film disposed over 
and along the conductor. The semiconductor film may comprise two or more layers 
or it may comprise a graded doped layer, illustrated in FIG. 13 as an N+ layer having 
an N- layer disposed over and along it. An antifuse material layer is blanket disposed 
over the semiconductor film. The rail stacks may be replicated in layers oriented 
orthogonally to vertically adjacent (above or below) layers. The identical rail stacks 
ease the fabrication process. Programming voltages are delivered by the conductor 
layers, as before. The diodes formed in this embodiment are of the Schottky type. 

[1056] The structures of FIGS. 12 and 13 are one-time field programmable three- 
dimensional memories preferably built out of repeating rail stacks separated by 
blanket depositions of antifuse material onto a planarized surface. The same rail 
stacks are used in both directions to build the three dimensional memory. In the 
following description, numerous specific details are set forth such as specific 
materials and layer thicknesses. It will be apparent, however, to those of ordinary 
skill in the art that the present invention may be practiced without these details. In 
other instances, well-known circuits and fabrication techniques have not been set forth 
in detail in order not to unnecessarily obscure the present invention. 

[1057] A preferred memory array is fabricated on several levels and, for instance, 
may have eight levels of storage. Each level includes a first plurality of parallel 
spaced-apart rail-stacks running in a first direction and a second plurality of rail- 
stacks running in a second direction. A rail-stack may be shared by two levels of 
storage. Thus, eight planes of memory cells may be provided by nine levels of rail- 
stacks. Generally, the first rail-stacks run perpendicular to the second rail-stacks and 
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hence form a right angle at their intersections. This allows the structure to be self- 
aligned. A bit is stored at each of the intersections of rail-stacks. However, there is 
no apparent individual memory cell at the intersections, rather memory cells are 
defined by the rail-stacks and intermediate layers. When the array is fabricated all the 
bits are in the zero (or one) state and after programming, the programmed bits are in 
the one (or zero) state. 

[1058] In the embodiment of Figure 12, several rail-stacks are illustrated in the 
partial cross-section of the invented array. For instance, rail-stacks 56 and 58 are 
shown at one height (above the substrate 66 which may contain various driver 
circuits) and rail stack 60 is shown at a second height above the first height and is 
disposed in a different direction from rail stacks 56 and 58 (and is preferably 
perpendicular to them). Rail stacks 62 and 64 are disposed in a similar direction to 
rail stacks 56 and 58 and are disposed over railstack 60. 

[1059] The array is fabricated on a substrate 66 which may be an ordinary 
monocrystaline silicon substrate. Decoding circuitry, sensing circuits, and 
programming circuits are fabricated in one embodiment within the substrate 66 under 
the memory array using, for instance, ordinary MOS fabrication techniques. These 
circuits may also be fabricated above the substrate. Vias are used to connect 
conductors within the rail-stacks to the substrate to allow access to each rail-stack in 
order to program data into the array and to read data from the array. For instance, the 
circuitry within the substrate 66 may select rail-stack 56 and the rail stack 60 in order 
to either program or read a bit associated with the memory cell formed by the 
intersection of these respective rail-stacks. 

[1060] An insulating layer is formed over the substrate 66 in order that the array 
may be fabricated above the substrate. This layer may be planarized with, for 
instance, chemical-mechanical polishing (CMP) to provide a flat surface upon which 
the array may be fabricated. 

[1061] Structure 90 shown in FIG. 12 comprises three entire rail stacks of a 
potentially much larger structure. In forming structure 90, a blanket deposition of an 
antifuse material layer 72 is made and planarized (shown here over a previously 
formed structure using techniques described herein). Alternatively, a blanket 
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deposition of the antifuse material layer 72 may be first made on other underlying 
structures without requiring planarization. Over that, a p+ layer 74 is deposited. 
Following this, a conductive layer 76 is formed on the p+ layer 74. As will be seen, 
conductive layers are used within the rail-stacks and these layers and the resultant 
conductors may be fabricated from elemental metals such as tungsten (W), tantalum 
(Ta), aluminum (Al), copper (Cu) or metal alloys may be used such as molybdenum- 
tungsten (MoW). Metal silicides may also be used such as titanium silicide (TiSi2), 
cobalt silicide (CoSi2) or a conductive compound such as titanium nitride (TiN) or 
tungsten carbide (WC) may be used. A heavily doped semiconductor layer such as 
silicon (Si) is also suitable. Multiple layer structures may be used selecting one or 
more of the above. 

[1062] Following the deposition of a conductive layer 76, a layer of 
semiconductor material 78 such as silicon is formed over the conductive layer 76. 
This is typically a polysilicon layer; however, an amorphous silicon layer may be 
used. Other semiconductor materials may be used such as germanium (Ge), gallium 
arsenide (GaAs), etc. In the embodiment of Figure 12 this semiconductor layer is 
heavily doped with a dopant of the first conductivity type and, as will be seen, forms 
one-half of a diode. 

[1063] The structure is then masked and etched to form rail stacks. The resulting 
spaces between the rail-stacks are filled with a dielectric such as silicon dioxide. 
Then the rail-stacks and dielectric fill are planarized, such as by chemical mechanical 
polishing (CMP). In another embodiment spin-on-glass (SOG) is used to fill the 
voids. In this case chemical planarization can be used such as, for example, plasma 
etching. Other fill and planarization methods can be used. 

[1064] Following this, in the embodiment of Figure 12, an antifuse material layer 
used to program the array is blanket deposited shown as layer 80. In one 
embodiment, the antifuse material layer 80 is a dielectric such as silicon dioxide 
(Si0 2 ) that is deposited by chemical vapor deposition (CVD) in a blanket deposition 
over the semiconductor material layer 78. In another embodiment the antifuse 
material layer 80 may be grown on the upper surface of the semiconductor material 
layer 78 and only exists on the rail-stacks. Other materials known to those of ordinary 
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skill in the art as antifuse materials can be used such as, for example, silicon dioxide, 
silicon nitride, silicon oxynitride, ONO (a 3-ply layer of oxide, nitride and oxide), 
amorphous carbon or other insulating materials or combinations of materials. (Also 
an undoped layer of silicon such as amorphous silicon may be used for the antifuse 
layer.) 

[1065] This process is now repeated as many times as desired to form a repeating 
structure of intersecting, preferably identical, rail stacks. 

[1066] Semiconductor material layer 78 may include more than one layer (e.g., n+ 
layer 82 and n- layer 84) with the layer farthest from the conductor 76 being more 
lightly doped than the layer closest to the conductor 68. Alternatively, it may be a 
graded single layer 78 achieved through, for example, implantation. 

[1067] It should be noted that n+ and p+ layers preferably sandwich the conductor 
layers. These heavily doped layers provide ohmic transitions to prevent unintended 
Schottky diode formation. 

[1068] It should be noted that the silicon layers 78 disposed on the conductive 
layers 76 extend the entire length of the rail-stacks in the embodiment of Figure 12 
and are uninterrupted except possibly where vias are used to provide a conductive 
path to the substrate 66. 

[1069] For instance, to program the bit, a relatively high write voltage, 5-20V is 
applied between the conductors (e.g., between conductors 76 and 82). This relatively 
high voltage causes a breach in the antifuse material layer 72, 80 creating a diode. 
Without this high voltage, the layer 72, 80 remains an insulator. Thus, by selecting 
pairs of conductors, diodes can be selectively formed so as to program the array. It is 
currently preferred that the write voltage be applied with a polarity such that the more 
positive voltage is applied to the rail-stack that constitutes the anode of the diode that 
is created by the breach of layer 72, 80. It is also possible to program using a reverse- 
biasing potential or an alternating current (AC) signal as is well known to those of 
ordinary skill in the art. 
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[1070] To sense the data programmed into the array, a voltage lower than that for 
programming is used. This voltage is applied so as to forward-bias the diode of the 
cell being accessed and allow a sense amplifier to determine whether or not the 
antifuse material layer 72, 80 is intact between the rail-stacks. Note that "sneak" or 
parasitic paths in the array which would interfere with the sensing will include a 
reverse-biased diode. 

[1071] Typically the following parameters may be used in the fabrication of the 
device of FIG. 12: Antifuse material layer thickness 5-200A of silicon dioxide, which 
can be deposited with any one of very well-known processes; N- layers: a silicon 
layer is deposited which is typically 1000-4000A thick and formed with a CVD 
process where a phosphorous dopant is deposited along with the deposition of for 
instance, the polysilicon semiconductor material or where the dopant is ion implanted 
following the deposition of the layer. This layer is doped to a level of, for example, 
lxlO 17 /cm 3 , but can be doped to a level in a range from lxlO 15 /cm 3 to lxlO 19 /cm 3 ; 
N+ layers: using CVD this layer may be approximately 300-3000A thick and in one 
embodiment is doped to a level of >10 19 /cm 3 . 

[1072] Throughout this application two adjacent silicon layers are often shown 
such as layers 52 and 53, with different doping. These layers may be formed with one 
deposition and using ion implantation steps at two different energy levels to obtain the 
two doping levels. Also, these differently doped layers may be formed by introducing 
different amounts of dopant in a diffusion process as a layer is formed. 

[1073] A conductive layer which may be 500-1 500A thick is formed using any 
one of numerous well-known thin film deposition process such as sputtering. A 
refractory metal may be used or a silicide of a refractory metal. Also as mentioned 
aluminum or copper can be used, or more simply the heavily doped silicon can be the 
conductor. In one embodiment, titanium (Ti) and TiN layers are formed on the silicon 
(Si) layer and the wafer is heated to form a silicide. For instance, a Ti layer of 250A 
and a TiN layer of 70A are heated at 600°C for one minute to form the silicide. 

[1074] To form preferred P+ layers, a polysilicon layer approximately 1500- 
2000A thick is formed doped to a level of >10 19 /cm 3 . 
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[1075] A masking and etching step is used to define rail-stacks. An ordinary 
masking and etching step for instance using plasma etching, may be used. Etchants 
can be used that stop on the antifiise layer thus preventing this layer from being 
etched away. Thus, the antifiise material layers can be considered an etchant stop 
layer depending on the specific etchants used. 

[1076] The spaces between the rail-stacks are filled with a dielectric such as one 
formed with a HDPCVD (high density plasma chemical vapor deposition) process. 

[1077] Chemical-mechanical polishing is then employed to planarize the upper 
surface of the rail-stacks. Chemical etching can also be used as mentioned with 
certain dielectrics. This planarization can reduce the thickness of the layer as desired. 

[1078] Antifiise layer 80 is formed on the planarized surface 86. Since the layer 
80 is deposited over all the rail-stacks and the filler material and remains unetched 
(and in some embodiments may not be planarized), it forms a barrier to the migration 
of the materials subsequently deposited that might make their way along the sides of 
the rail-stacks. Thus the layer 80 helps prevent the parasitic paths and potential shorts 
that may occur with prior art memories. 

[1079] It should be noted that in Figure 12 while the antifiise layer is shown as a 
blanket layer covering the rail-stacks and fill, it is possible also to fabricate each level 
where the antifiise layer is in fact grown from a semiconductor layer. For instance, an 
oxidation step may be used to grow a silicon dioxide layer. 

[1080] In all the embodiments, the rail-stacks and rails are connected to circuitry 
in the substrate such as decoders, sense amps and like peripheral circuits. Vias for 
providing these connections are described in co-pending application number 
09/746,341, entitled "Contact and Via Structure and Method of Fabrication," hereby 
incorporated by reference. 

[1081] Turning now to FIG. 13, this embodiment differs from that of FIG. 12 in 
that the P+ layers are eliminated allowing the forming of Schottky diodes between N- 
doped silicon, through the AF and directly to the conductor. Since programming in 
this array causes the formation of Schottky diodes, the conductors must be of a 
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suitable material to allow formation of a Schottky diode. For instance, aluminum and 
some refractory metal or silicides may be used. 

[1082] Generally the layers of the serial chain diode stacks of FIGS. 12 and 13 are 
formed in the same manner described at length above. Note that these structures can 
be oriented as shown, or completely inverted from FIGS. 12 and 13. For example, 
Fig. 14 depicts a structure completely inverted from that shown in Fig. 12, and which 
provides for forming a lightly-doped N- layer onto a highly planar antifuse layer, 
providing better control of diode characteristics. The rail-stack structure shown in 
Fig. 15 includes a conductor layer at the bottom of each rail-stack. The rail-stack 
structure shown in Fig. 16 also includes a conductor layer at the bottom of each rail- 
stack, but inverts the order of the semiconductor and antifuse layers forming the 
remainder of each rail-stack. These represent several of the many suitable rail-stack 
embodiments useful for the present invention. 

[1083] Referring now to Fig. 17, a simplified schematic diagram is shown 
representing preferred bias conditions in a multi-level serial chain diode stack during 
a write mode. A selected X-line 302 on the W3 level is driven to a V H igh voltage 
(e.g., equal to V PRO g) and a selected Y-line 306 on the B4 level is driven to ground to 
program a selected memory cell in the W3-B4 memory plane (not shown). With the 
bias voltages as shown, only the unselected memory cells 304 (numbering 
approximately N 2 ) are reversed-biased during the write operation with a voltage that 
approaches the programming voltage V PRO g in magnitude. In particular, unselected 
memory cells 308 and 310 (also numbering approximately N 2 ) have substantially no 
voltage bias across the respective memory cells, so the leakage current through such 
cells is negligible. The only substantial reverse-biased memory cell leakage during 
the write operation flows through the unselected memory cells within the selected 
memory plane, namely memory cells 304. This results in substantially lower power 
dissipation for a given memory array size, or may allow a larger array size for the 
same amount of power. 

[1084] With the diodes "pointing" downward toward the substrate as shown, the 
unselected X-lines and unselected Y-lines on layers below the selected X-line layer 
(e.g., W3) are all biased at V B iashigh which may be equal to a small offset voltage 
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below the programming voltage V PRO g- Also, the unselected X-lines and unselected 
Y-lines on layers above the selected Y-line layer (e.g., B4) are all biased at Vbiaslow 
which may be equal to a small offset voltage above ground. 

[1085] It should be appreciated that the designations X-line and Y-line on such a 
serial chain diode stack do not necessarily imply which terminal of the memory cells 
(i.e., anode or cathode) is coupled to the particular line, as with a back-to-back diode 
stack. An X-line may be coupled to the anode terminal of memory cells in one 
associated memory plane (e.g., memory plane W3-B4), and may be coupled to the 
cathode terminal of memory cells in an adjacent memory plane (e.g., memory plane 
W3-B2). If a memory plane is selected having the anode terminal coupled to Y-lines 
rather than X-lines, all the X and Y designations in Fig. 17 may be reversed. A 
selected Y-line is driven to the V PR og voltage, and a selected X-line is driven to 
ground. As before, however, the unselected X-lines and unselected Y-lines on layers 
below the selected "anode-connected" line (e.g., in this example a selected Y-line) are 
preferably all biased at Vbiashigh, and the unselected X-lines and unselected Y-lines 
on layers above the selected "cathode-connected" line (e.g., in this example, a 
selected X-line) are preferably all biased at Vbiaslow (assuming, again, that the diodes 
in each level are forward biased in a direction toward lower levels of the array). 

[1086] Referring now to Fig. 18, a simplified schematic diagram is shown 
representing preferred bias conditions in a multi-level serial chain diode stack during 
a read mode. A selected X-line 302 on the W3 level is driven to a Vrd voltage (e.g., 
usually somewhat less than V D d) and a selected Y-line 306 on the B4 level is driven 
to briefly to ground (or driven to Vref) to sense a selected memory cell in the W3-B4 
memory plane (not shown). With the bias voltages as shown, the half-selected 
memory cells 312 on the selected X-line have no bias voltage across their diodes, and 
consequently do not cause leakage current to flow from the selected X-line. All the 
current flowing through the selected X-line reaches the selected memory cell, even if 
at the end of the selected X-line, and flows through the selected memory cell (if 
programmed) into the selected Y-line. The unselected memory cells 304 (numbering 
approximately N 2 ) are reversed-biased during the read operation with a voltage that 
may be as high as Vrd , but this current does not flow through the selected X-line. 
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[1087] With the diodes "pointing" downward toward the substrate as shown, the 
unselected X-lines and unselected Y-lines on layers below the selected "anode-line" 
layer (e.g., W3) are all biased at Vrd and the unselected X-lines and unselected Y- 
lines on layers above the selected "cathode-line" layer (e.g., B4) are all biased at Vref 
which may, for some embodiments, be equal to around one-half V DD . 

[1088] As with the write case described above, if a memory plane is selected 
having the anode terminal coupled to Y-lines rather than X-lines, all the X and Y 
designations in Fig. 1 7 may be reversed. A selected Y-line is driven to the Vrd 
voltage, and a selected X-line is driven to ground (or Vref). The unselected X-lines 
and unselected Y-lines on layers below the selected "anode-connected" line are 
preferably all biased at Vrd, and the unselected X-lines and unselected Y-lines on 
layers above the selected "cathode-connected" line are preferably all biased at Vref 
(assuming an array having downward pointing diodes). 

[1089] As can be appreciated in relation to Fig. 17 and Fig. 18, a given X-line 
may be driven to any of four different voltages, depending on whether to read or to 
write a selected memory cell, and depending on the direction of the selected memory 
cell. Referring now to Fig. 19, an exemplary decoder/driver circuit 340 is depicted in 
the context of its use as a row decoder/word line driver (i.e., X-line driver). As will 
be appreciated, such a circuit may also be used for bit lines (Y-lines) as well. 
Reference should also be taken of the simplified driver circuit shown in Fig. 8. 

[1090] The decoder/driver circuit 340 includes a respective word line driver (such 
as 342, 344, 346) for driving a respective word line to one of two voltages received by 
the respective driver based upon a row select signal received from a row decoder 344. 
For example, a word line driver 342 receives a SEL0 row select signal and drives the 
word line WL0 to either a voltage conveyed on an upper bias node L3UB or to a 
voltage conveyed on a lower bias node L3LB. A pair of driver circuits (such as 
drivers 342, 344) receives the same decoded row select signal, but different upper and 
lower bias voltage nodes. The first driver of each pair (e.g., driver 342) drives its 
word line "up" to a layer 3 upper bias voltage conveyed on a L3XJB node, and drives 
its word line "down" to a layer 3 lower bias voltage conveyed on a L3LB node. The 
drivers may be simple CMOS inverter circuits "powered" by the upper and lower bias 
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voltages rather than by Vdd and ground. In such a case, the driver either connects its 
word line through a PMOS transistor to the upper bias node L3UB, or through a 
NMOS transistor to the lower bias node L3LB. 

[1091] An upper bias control circuit 350 controls which of several input voltages 
Vhigh, Vbiashigh, and V B iaslow are coupled to each of the L1UB and L3UB nodes for 
use by the various word line drivers, based upon decoded layer select signals such as 
LI, L3, and a FORWARD signal indicating the memory cell orientation (e.g., diode 
direction) for the selected memory plane. A lower bias control circuit 352 controls 
which of several input voltages V DD , Vbiaslow, and Vlow (ground) are coupled to 
each of the LI LB and L3LB nodes for use by the various word line drivers, based also 
upon the same decoded layer select signals LI, L3 and the FORWARD signal. 

[1092] Referring now to Fig. 20, a portion of the decoder/driver circuit 340 is 
shown suitable for interfacing with a back-to-back diode stack memory array. An 
upper bias control circuit 350' does not utilize a Vbiashigh input, but couples the 
L1UB node to V H igh or Vbiaslow depending upon whether the LI (Layer 1) signal is 
low or high, and couples the L3UB node to V H igh or Vbiaslow depending upon 
whether the L3 (Layer 3) signal is low or high. A lower bias control circuit 352' does 
not utilize a Vlo W (i.e., ground) input, but couples the LI LB node to V DD or Vbiaslow 
depending upon whether the LI signal is high or low, and couples the L3UB node to 
Vdd or Vbiaslow depending upon whether the L3 signal is high or low. During a 
write mode, the Vhigh voltage is preferably equal to the programming voltage V PR og 
and the Vbiaslow voltage is preferably equal to a small offset voltage above ground, 
but during a read mode, the V H igh voltage is preferably equal to the read voltage Vrd 
and the Vbiaslow voltage is preferably equal to ground. 

[1093] Referring now to Fig. 21, a similar portion of the decoder/driver circuit 
340 is shown suitable for interfacing with a serial stack diode stack memory array. 
An upper bias control circuit 350 couples the L1UB node to Vbiaslow when the LI 
signal is high, but when the LI signal is low, couples the L1UB node to either the 
Vhigh voltage (if FORWARD is high) or to the Vbiashigh voltage (if FORWARD is 
low). The upper bias control circuit 350 also couples the L3UB node to Vbiaslow 
when the L3 signal is high, but when the L3 signal is low, couples the L3UB node to 
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either the V H igh voltage (if FORWARD is high) or to the Vbiashigh voltage (if 
FORWARD is low). A lower bias control circuit 352 couples the LI LB node to V D d 
if the LI signal is high, but if the LI signal is low, couples the L1UB node to either 
the Vbiaslow voltage (if FORWARD is high) or to the V LO w (ground) voltage (if 
FORWARD is low). A multiplexer 382 inverts the polarity of the decoded row select 
signal based on the directionality of the selected memory plane. 

[1094] Referring now to Fig. 22, a chart is shown indicating preferred bias 
voltages for unselected and selected X-lines within a memory plane, for both a 
"forward-oriented" memory plane (selected memory plane anode terminals coupled to 
the X-lines) and a "reverse" memory plane (selected memory plane cathode terminals 
coupled to the X-lines). For programming, the Vbiashigh is preferably about 0.5-0.8 
volts below the programming voltage (V H igh). For read, the Vbiashigh is preferably 
about the same as Vrd . 

[1095] Referring now to Fig. 23A, an integrated circuit 500 in accordance with 
one embodiment of the present invention is depicted which includes a three- 
dimensional serial chain diode stack-type memory array 502. A bi-mode 
decoder/driver (such as decoder/driver circuit 340 shown in Fig. 19) is provided on 
each of two adjacent sides of the array 502, labeled as 504 and 508. A sense circuit is 
also provided on each of the same two sides of the array, labeled 506 and 510. Each 
X-line is served by the decoder/driver circuit 504 and the sense circuit 506, and each 
Y-line is served by the decoder/driver circuit 508 and the sense circuit 510. 

[1096] Referring now to Fig. 23B, an integrated circuit 500 in accordance with 
another embodiment of the present invention is depicted which includes a three- 
dimensional serial chain diode stack-type memory array 522. A bi-mode 
decoder/driver circuit 524 (such as decoder/driver circuit 340 shown in Fig. 19) is 
provided on one side of the array 522, and a bi-mode sense circuit 526 is provided an 
adjacent side of the array 522. Each X-line is served by the bi-mode decoder/driver 
circuit 524, and each Y-line is served by the bi-mode sense circuit 526. 

[1097] In another embodiment, two interdigitated groups of X-lines are oriented 
horizontally in the array, and two interdigitated groups of Y-lines are oriented 
vertically in the array. Each respective group of X-lines or Y-lines is served by a 
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respective decoder/driver circuit and a respective sense circuit on one of the four sides 
of the array 502. 

[1098] Preferred embodiments for row and column circuitry serving a plurality of 
memory arrays, which embodiments are useful alone or in combination with any of 
the preferred embodiments described herein, are set forth in "Memory Device with 
Row and Column Decoder Circuits Arranged in a Checkerboard Pattern under a 
Plurality of Memory Arrays," by Roy E. Scheuerlein, U. S. Patent Application Serial 
No. 09/896,814, filed June 29, 2001, and which application is hereby incorporated by 
reference. 

OTHER EMBODIMENTS 

[1099] In the above description a conductor is shared by two levels of the memory 
array (i.e., memory planes). An array may be fabricated where there are two 
conductors for each level that are not shared with other levels. A dielectric may be 
used to separate each such level. The different embodiments provide numerous 
material choices and "post-write diode" choices. 

[1100] While the invention has been largely described with respect to the 
embodiments set forth above, the invention is not necessarily limited to these 
embodiments. Variations and modifications of the embodiments disclosed herein 
may be made based on the description set forth herein, without departing from the 
scope and spirit of the invention. In particular, even though the preferred 
embodiments are described in the context of a passive element memory array, the 
teachings of the present invention are believed advantageous for use with other types 
of memory cells, such as certain 3-terminal memory cells. While certain 
embodiments have been described in the context of a three-dimensional, field- 
programmable, write once memory array, it should be appreciated that such an array 
is not necessarily required. Moreover, the embodiments described above are 
specifically contemplated to be used alone as well as in various combinations. 

[1101] The instant invention can be applied to any three-dimensional memory 
array configured as a plurality of levels of interleaved word lines and bit lines, where 
word lines and/or bit lines are shared between levels, including, but not limited to: (1) 

-24- 

Pat App 023-O0O9-4.doc 
Client Reference: MA-002-2-IV 



Attorney Docket No.: 023-0009-4 



the memory described in United States Patent No. 6,034,882 issued on March 7, 2000 
and United States Patent No. 6,185,122 issued on February 6, 2001, to Mark G. 
Johnson, et al., both commonly assigned herewith; (2) the memory array described in 
United States Patent Application Serial No. 09/560,626 filed on April 28, 2000, in the 
name of N. Johan Knall and commonly assigned herewith; (3) the memory array 
described in United States Patent Application Serial No. 09/814,727 filed on March 
21, 2001, in the name of N. Johan Knall and Mark G. Johnson and commonly 
assigned herewith, each of which is hereby incorporated by reference. 

[1102] Preferably, the memory cells are comprised of semiconductor materials, as 
described in U.S. Patent 6,034,882 to Johnson et al., U.S. Patent 5,835,396 to Zhang, 
U.S. Patent Application Serial No. 09/560,626 by Knall, and U.S. Patent Application 
Serial No. 09/638,428 by Johnson, each of which are hereby incorporated by 
reference. Specifically an antifuse memory cell is preferred. Other types of memory 
arrays that are stackable over support circuits, such as MRAM and organic passive 
element arrays, can also be used. MRAM (magnetoresistive random access memory) 
is based on magnetic memory elements, such as a magnetic tunnel junction (MTJ). 
MRAM technology is described in "A 2556kb 3.0V ITIMTJ Nonvolatile 
Magnetoresistive RAM" by Peter K. Naji et al., published in the Digest of Technical 
Papers of the 2001 IEEE International Solid-State Circuits Conference, ISSCC 
2001/Session 7/Technology Directions: Advanced Technologies/7.6, February 6, 
2001 and pages 94-95, 404-405 of ISSCC 2001 Visual Supplement, both of which are 
hereby incorporated by reference. Certain passive element memory cells incorporate 
layers of organic materials including at least one layer that has a diode-like 
characteristic conduction and at least one organic material that changes conductivity 
with the application of an electric field. U.S. Patent No. 6,055,180 to Gudensen et al. 
describes organic passive element arrays and is also hereby incorporated by reference. 
Memory cells comprising materials such as phase-change materials and amorphous 
solids can also be used. See U.S. Patent No. 5,751,012 to Wolstenholme et al. and 
U.S. Patent No. 4,646,266 to Ovshinsky et al., both of which are hereby incorporated 
by reference. 

[1103] Based upon the teachings of this disclosure, it is expected that one of 
ordinary skill in the art will be readily able to practice the present invention. The 
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descriptions of the various embodiments provided herein are believed to provide 
ample insight and details of the present invention to enable one of ordinary skill to 
practice the invention. Although certain supporting circuits (e.g., decoders, sensing 
circuits, multiplexers, input/output buffers, etc.) are not specifically described, such 
circuits are well known, and no particular advantage is afforded by specific variations 
of such circuits in the context of practicing this invention. Moreover, it is believed 
that one of ordinary skill in the art, equipped with the teaching of this disclosure, will 
be able to carry out the invention, including implementing various control circuits 
inferred but not specifically described herein, using well known circuit techniques and 
without undue experimentation. 

[1104] As used herein, a passive element memory array includes a plurality of 2- 
terminal memory cells, each connected between an associated X-line and an 
associated Y-line. Such a memory array may be planar or may be a three-dimensional 
array having more than one plane of memory cells. Each such memory cell has a 
non-linear conductivity in which the current in a reverse direction (i.e., from cathode 
to anode) is lower than the current in a forward direction. Application of a voltage 
from anode to cathode greater than a programming level changes the conductivity of 
the memory cell. The conductivity may decrease when the memory cell incorporates 
a fuse technology, or may increase when the memory cell incorporates an antifuse 
technology. A passive element memory array is not necessarily a one-time 
programmable (i.e., write once) memory array. 

[1105] The directionality of X-lines (shown horizontally in the various figures) 
and Y-lines (shown vertically) is merely convenient for ease of description of the two 
groups of crossing lines in the array. While X-lines are usually orthogonal to Y-lines, 
such is not necessarily implied by such terminology. Moreover, the word and bit 
organization of a memory array may also be easily reversed, having Y-lines organized 
as word lines and X-lines organized as bit lines. As an additional example, portions 
of an array may correspond to different output bits of given word. Such various array 
organizations and configurations are well known in the art, and the invention in 
intended to comprehend a wide variety of such variations. 
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[1106] Word lines may also be referred to as row lines or X-lines, and bit lines 
may also be referred to as column lines or Y-lines. The distinction between "word" 
lines and "bit" lines may carry at least two different connotations to those skilled in 
the art. When reading a memory array, it is assumed by some practitioners that word 
lines are "driven" and bit lines are "sensed." In this regard, X-lines (or word lines) 
are frequently connected to the anode terminal of the memory cells, and Y-lines (or 
bit lines) are frequently connected to the cathode terminal of the memory cells. 
Secondly, the memory organization (e.g., data bus width, number of bits 
simultaneously read during an operation, etc.) may have some association with 
viewing one set of the two array lines more aligned with data "bits" rather than data 
"words." 

[1107] The embodiments described may show a selected word line being driven 
to a voltage and a selected bit line being sensed, and memory cell anode terminals 
connected to word lines and cathode terminals connected to bit lines, but other 
embodiments are specifically contemplated. For example, in a multi-level memory 
array, an adjacent memory plane may be connected similarly (e.g., a back-to-back 
diode stack memory array), or may reverse the directionality of memory cells in the 
adjacent plane (e.g., a serial chain diode stack memory array) so that the anode 
terminals are connected to bit lines and the cathode terminals to word lines. 
Consequently, the designations herein of X-lines, word lines, and row lines, and of Y- 
lines, bit lines, and column lines are illustrative of the various embodiments but 
should not be viewed in a restrictive sense, but rather a more general sense. For 
example, sensing circuits described herein may be coupled to word lines rather than 
bit lines, or may be used for both word lines and bit lines, when sensing a current in a 
word line rather than in a bit line. 

[1108] Integrated circuits incorporating a memory array usually subdivide the 
array into a sometimes large number of smaller arrays, also sometimes known as sub- 
arrays. As used herein, an array is a contiguous group of memory cells having 
contiguous word and bit lines generally unbroken by decoders, drivers, sense 
amplifiers, and input/output circuits. An integrated circuit including a memory array 
may have one array, more than one array, or even a large number of arrays. 
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[1109] In certain contexts, a write "cycle" may be synonymous with a write 
"operation." However, when viewed at the boundary of a memory array or memory 
device, a single external write "cycle" may actually cause several internal write 
"cycles" or "operations" to be sequentially performed at the memory array level, each 
writing data to a different group of memory cells. Unless the context so requires, a 
write cycle referred to herein is an internal write cycle or operation performed at the 
array level. 

[1110] Regarding more general terminology used herein, it will be appreciated by 
one skilled in the art that any of several expressions may be equally well used when 
describing the operation of a circuit including the various signals and nodes within the 
circuit. Any kind of signal, whether a logic signal or a more general analog signal, 
takes the physical form of a voltage level (or for some circuit technologies, a current 
level) of a node within the circuit. It may be correct to think of signals being 
conveyed on wires or buses. For example, one might describe a particular circuit 
operation as "the output of circuit 10 drives the voltage of node 1 1 toward VDD, thus 
asserting the signal OUT conveyed on node 11." It is well known in the art to equally 
describe such a circuit operation as "circuit 10 drives node 1 1 high," as well as "node 
1 1 is brought high by circuit 10," "circuit 10 pulls the OUT signal high" and "circuit 
10 drives OUT high." Such shorthand phrases for describing circuit operation are 
more efficient to communicate details of circuit operation, particularly because the 
schematic diagrams in the figures clearly associate various signal names with the 
corresponding circuit blocks and node names. For convenience, an otherwise 
unnamed node conveying the CLK signal may be referred to as the CLK node. 
Similarly, phrases such as "pull high," "drive high," and "charge" are generally 
synonymous unless otherwise distinguished, as are the phrases "pull low," "drive 
low," and "discharge." It is believed that use of these more concise descriptive 
expressions enhances clarity and teaching of the disclosure. It is to be appreciated by 
those skilled in the art that each of these and other similar phrases may be 
interchangeably used to describe common circuit operation, and no subtle inferences 
should be read into varied usage within this description. 

[1111] Regarding power supplies, a single positive power supply voltage (e.g., a 
2.5 volt power supply) used to power a circuit is frequently named the "VDD" power 
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supply. In an integrated circuit, transistors and other circuit elements are actually 
connected to a VDD terminal or a VDD node, which is then operably connected to the 
VDD power supply. The colloquial use of phrases such as "tied to VDD" or 
"connected to VDD" is understood to mean "connected to the VDD node", which is 
typically then operably connected to actually receive the VDD power supply voltage 
during use of the integrated circuit. 

[1112] The reference voltage for such a single power supply circuit is frequently 
called "VSS." Transistors and other circuit elements are actually connected to a VSS 
terminal or a VSS node, which is then operably connected to the VSS power supply 
during use of the integrated circuit. Frequently the VSS terminal is connected to a 
ground reference potential, or just "ground." Describing a node which is "grounded" 
by a particular transistor or circuit (unless otherwise defined) means the same as being 
"pulled low" or "pulled to ground" by the transistor or circuit. 

[1113] The block diagrams herein may be described using the terminology of a 
single node connecting the blocks. Nonetheless, it should be appreciated that, when 
required by the context, such a "node" may actually represent a pair of nodes for 
conveying a differential signal, or may represent multiple separate wires (e.g., a bus) 
for carrying several related signals or for carrying a plurality of signals forming a 
digital word. 

[1114] The foregoing details description has described only a few of the many 
possible implementations of the present invention. For this reason, this detailed 
description is intended by way of illustration, and not by way of limitations. 
Variations and modifications of the embodiments disclosed herein may be made 
based on the description set forth herein, without departing from the scope and spirit 
of the invention. It is only the following claims, including all equivalents, that are 
intended to define the scope of this invention. 

[1115] On March 21, 2001, the following U.S. patent applications were filed, each 
of which is hereby incorporated by reference: "Memory Device with Row and 
Column Decoder Circuits Arranged in a Checkerboard Pattern under a Plurality of 
Memory Arrays," U.S. Provisional Application No. 60/277,794; "Passive Element 
Memory Array and Related Circuits Useful Therefor," U.S. Provisional Application 
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No. 60/277,815; "Three-Dimensional Memory Array," U.S. Provisional Application 
No. 60/277,738; and "Three-Dimensional Memory Array and Method of Fabrication," 
U.S. Application No. 09/814,727. 

[1116] On June 29, 2001, the following U.S. patent applications were filed, each 
of which is hereby incorporated by reference: "Method and Apparatus for Writing 
Memory Arrays Using External Source of High Programming Voltage," U.S. Patent 
Application Serial No. 09/897,785; "Three-Dimensional Memory Array Incorporating 
Serial Chain Diode Stack," U.S. Patent Application Serial No. 09/897, "Method and 
Apparatus for Biasing Selected and Unselected Array Lines when Writing a Memory 
Array," U.S. Patent Application Serial No. 09/897,771; "Memory Device with Row 
and Column Decoder Circuits Arranged in a Checkerboard Pattern under a Plurality 
of Memory Arrays," U.S. Patent Application Serial No. 09/896,814; "Method and 
System for Increasing Programming Bandwidth in a Non- Volatile Memory Device," 
U.S. Patent Application Serial No. 09/895,960; "Method and Apparatus for 
Discharging Memory Array Lines," U.S. Patent Application Serial No. 09/897,784; 
"Current Sensing Method and Apparatus Particularly Useful for a Memory Array of 
Cells Having Diode-Like Characteristics," U.S. Patent Application Serial No. 
09/896,468; "Memory Array Incorporating Noise Detection Line," U.S. Patent 
Application Serial No. 09/897,704; and "Memory Device and Method for Sensing 
while Programming a Non- Volatile Memory Cell," U.S. Patent Application Serial No. 
09/896,815. 
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